Life-history strategies of four Pacific cod (Gadus macrocephalus) stocks in the eastern North Pacific Ocean are outlined. Southern stocks grew and matured quicker, but reached smaller maximum size and had shorter lifespans than northern stocks. The tradeoffs resulted in similar lifetime reproductive success among all stocks. Growth was highly dependent on latitude, but not on temperature, possibly because of differences in the duration of the growing season. Comparisons with Atlantic cod (Gadus morhua) revealed similar latitude/growth relationships among Atlantic cod stocks grouped by geographic region. In Pacific cod, greater size and longevity in the north appeared to be adaptations to overcome environmental constraints on growth and to maintain fitness. An egg production-per-recruit model suggested that the life-history strategy of northern Pacific cod stocks made them less resilient to fishing activity and age truncation than southern stocks.
Introduction
Marine fish exhibit a myriad of life-history strategies among different taxonomic groupings (Beverton, 1992; Winemiller and Rose, 1992; King and McFarlane, 2003) and spatially separated populations of the same species (Jennings and Beverton, 1991; Fargo and Wilderbuer, 2000; Salvanes et al., 2004) . Understanding the basis for such variation is a key goal in ecology and is valuable for improving the management of commercially fished stocks (King and McFarlane, 2003) .
Three endpoint strategies are often used to describe extremes of life-history variation among different species of fish (Winemiller, 1992; King and McFarlane, 2003) . "Opportunistic" strategists grow quickly and become sexually mature at young age, but have high rates of mortality. "Periodic" strategists have slower growth and delayed maturation, but greater longevity. Both these strategists favour high fecundity with little energetic investment in individual eggs and little or no parental care. "Equilibrium" strategists tend to be long-lived and devote large amounts of energy to a much smaller number of progeny.
The strategies result from environmental and genetic influences on life-history traits. The environment can shape strategies by influencing the expression of particular traits. Variation in growth and annual reproductive output among Atlantic herring (Clupea harengus) stocks depends on water temperature (Jennings and Beverton, 1991) . In some species, genetic changes compensate for environmental influences. The growth rate of high-latitude Atlantic silverside (Menidia menidia) is greater than that of low-latitude conspecifics held in a common environment, suggesting that that species has evolved to compensate for the effects of reduced length of the growing season (Conover and Present, 1990) .
Latitude influences environmental parameters, temperature generally decreasing with latitude in the Pacific and Atlantic Oceans. Seasonal patterns of photoperiod duration change with latitude, with extreme seasonal differences at high latitudes. Latitude may also affect the length of the growing season in several ways. Individual species or their prey may have a particular window of time during the year when temperatures are sufficiently high for growth (Conover and Present, 1990) . In addition, the total annual thermal energy available to organisms changes with latitude (Niewiarowski, 2001) .
Strategies also are constrained by trade-offs among traits. Trade-offs may result from the allocation of fixed resources, so that energy devoted to growth or reproduction is not available for maintenance and repair (Partridge and Sibly, 1991) . Therefore, growth may be fast at the expense of increased mortality. Trade-offs may be genetic constraints, such as the optimization of enzymes for high temperature that makes them less effective at cold temperature (Angilletta et al., 2003) . Environmental conditions may also enhance the expression of some traits at the expense of others, e.g. warm temperatures tending to enhance growth rates but also increasing maintenance costs and the activity of predators (Wootton, 1990) .
Evolutionary theory suggests that trade-offs among traits reflect evolutionary pressure to maximize lifetime reproductive success, i.e. the total egg production of a female over her lifetime (R 0 ), and to maintain fitness (Stearns, 1992) . Traits that reduce R 0 , e.g. delayed maturation, may be offset by others, e.g. greater longevity, that are selected through evolutionary time because they increase R 0 . Hence, populations of the same species with different lifehistory strategies may be expected to maintain equal R 0 through trade-offs in life-history traits (Beverton, 1987) . To our knowledge, only a few studies have attempted to test this theory empirically in fish (Leggett and Carscadden, 1978; Beverton, 1987; Jennings and Beverton, 1991) .
The goals of this study are to understand how and why life histories vary among geographically separate stocks of Pacific cod (Gadus macrocephalus) and to use life-history information to explore how these stocks might respond differently to fishing activity and environmental change. Pacific cod are large demersal fish that inhabit the continental shelf of the northern North Pacific Ocean. They have important ecosystem roles as predator and prey and are the target of lucrative commercial fisheries in the USA and Canada. Their broad geographic distribution and close taxonomic relationship with Atlantic cod (Gadus morhua), an ecologically similar species (Grant and Stahl, 1988) , make them good candidates for the use of inter-regional comparisons in the study of lifehistory traits.
We synthesized a variety of data from four Pacific cod stocks off northwest North America to meet four specific objectives: (i) to characterize life-history trait variation in these stocks; (ii) to understand how such variation results in different life-history strategies and affects evolutionary fitness; (iii) to investigate environmental influences on growth and how they interact with natural selection to cause variability in life-history traits; and (iv) to use a simple egg production-per-recruit (EPR) model to understand how life-history strategies influence resilience to fishing. Additionally, we used literature data from 17 stocks of Atlantic cod to explore further the relationship between the environment and growth.
Methods

Life-history strategies and fitness
Four Pacific cod stocks were chosen for this study, based on their geographic separation (Figure 1 ) and the availability of detailed life-history information (Table 1) . Two stocks were located off the west coast of British Columbia (BC): West Vancouver Island (WVI) and Hecate Strait (HEC). The other two stocks were from Alaska (AK): Gulf of Alaska (GOA) and Bering Sea/ Aleutian Islands (BSAI). The AK stocks are much larger than the BC stocks. The 2001 age 3+ biomass was estimated at 1 091 000 and 553 000 t for the BSAI and GOA, respectively Thompson et al., 2004) . In the WVI, 2001 adult biomass was estimated at 4497 t (Starr et al., 2002) , and the 2001 adult biomass estimate in the HEC was 2960 t (Sinclair et al., 2001) . The area occupied by the AK stocks is also larger. BSAI cod inhabit .200 000 km 2 and GOA cod .110 000 km 2 . The WVI and HEC stocks occupy 3500 and 14 000 km 2 , respectively.
An approximate latitude was calculated for each stock by averaging the latitudinal boundaries of that stock's distribution (Table 1) . Boundaries were determined using historical locations of commercial fisheries catch. The WVI stock ranges from 488N to 498N, the HEC stock from 52.58N to 54.58N (Westrheim, 1996) , the GOA stock from 548N to 608N, and the BSAI stock from 528N to 608N (Fritz et al., 1998) .
We relied on a variety of data sources for our study (Table 1) . Most of the data on life-history traits were obtained from stock assessment documents (BC: Sinclair et al., 2001; Starr et al., 2002 ; AK: Thompson and Dorn, 2004; Thompson et al., 2004) , and a comprehensive review of information on Pacific cod (Westrheim, 1996) . Parameters for predicted fecundity-at-length in the AK stocks were preliminary (OAO, unpublished data), and maturity information for the AK stocks was obtained from Stark (2007) . Data from all sources were collected after 1977, except maturity information for the WVI stock that was gathered from 1973 to 1985 (Westrheim, 1996) .
We used common equations to describe traits and obtained equation parameters either from the literature or through our T, annual average temperature at 75 m; M, instantaneous natural mortality rate; k, growth parameter from the LVB; L 1 , asymptotic length from LVB; A 50 and L 50 , age-and length-at-50% maturity; a and b, parameters of the power equation for fecundity. Fecundity parameters for the GOA and BSAI stocks are from OAO (unpublished data). We calculated age-4 weights for the WVI and HEC stocks using growth parameters obtained from Westrheim (1996) , and A 50 and L 50 for the HEC and WVI stocks using maturity ogives obtained from the same reference. own calculations based on published data. Throughout, length refers to total length in centimetres. For each stock, several estimates of instantaneous natural mortality rate (M ) were available. All published values, except one extreme value for the HEC stock, were used to calculate an average M for each stock (Appendix). To describe growth, we used the growth rate parameter (k) and asymptotic length (L 1 ) from the von Bertalanffy growth model (LVB; Quinn and Deriso, 1999) . For the BC stocks, maturity ogives were used to determine the parameters a and b of the logistic equation
where P is the probability of being mature and L the length. Parameters of the logistic equation were available for the AK stocks (Stark, 2007) . This equation was used to estimate length-at-50%-maturity (L 50 ) for all stocks. L 50 was used with the LVB to estimate age-at-50%-maturity (A 50 ). Fecundity was described using stock-specific parameters a and b of the power equation
where f is fecundity. Egg viability was assumed to be equal among stocks.
Probabilities of survival and maturation, as well as predicted length and fecundity, were calculated for ages 1 -18 for each of the four stocks. The probability of survival to age x (s x ) was determined by setting age-0 survival (s 0 ) to 1 and calculating
Predicted length-at-age (L x ) was determined using the LVB model. Probability of maturation-at-age (p x ) was estimated using L x and the logistic equation obtained from the maturity ogives. Fecundity-at-age ( f x ) was determined using L x and Equation (2).
To describe life-history strategies for each stock, we calculated the most probable reproductive output at each age, which we termed "age-specific reproduction" (AR), according to the equation
Therefore, AR is equal to the probability of a female cod reaching a particular age multiplied by the probability of that cod being mature at that age, multiplied by the estimated fecundity at that age. Values of AR were then plotted against age to depict lifehistory strategies graphically. As a measure of evolutionary fitness, we integrated AR values for each stock to calculate lifetime reproductive success (R 0 ), using the equation
This method differed from standard notation (e.g. Charnov, 1993) in that it included the probability of maturation within the agespecific calculation and integrated over all ages, rather than treating maturation as a knife-edge event and integrating over only those ages in which fish were considered to be mature.
To understand the influence of the environment on life histories, we compared latitude and temperature with individual traits. Average annual temperature 75 m deep was determined using data from three locations that were within the geographic distribution of three of the stocks (Figure 1) . We used annual average temperature because we had no information on the seasonal pattern of growth in Pacific cod, and it allowed us to compare our results with those of similar work on Atlantic cod. A depth of 75 m was chosen based on available data and because it is the approximate midpoint of the summer depth range of Pacific cod (30-100 m; Westrheim, 1996) . For each location, all available data from 1995 to 2003 were used to calculate monthly averages, and annual averages were calculated from the monthly values. For the WVI, we used data from Station P1 of the Canadian Department of Fisheries and Oceans (DFO) P Line (www.pac. dfo-mpo.gc.ca/). Gaps in the P1 data required us to include values from the early 1980s to obtain averages for some months. We were unable to locate temperature data for the area of the HEC stock, so that stock was not included in the temperature analysis. Data from the GAK1 station of the University of Alaska's Seward Line (www.ims.uaf.edu/gak1/) were used for the GOA stock. Values for the BSAI were based on the M2 mooring of the Pacific Marine Environmental Laboratory, NOAA (www.beringclimate.noaa.gov/data/). Least-squares linear regression was used to assess latitude and temperature effects on life-history traits.
To further explore the relationship between latitude and growth, we compared our findings on Pacific cod with similar data from 17 stocks of Atlantic cod (Brander, 1994;  Table 2 , Figure 2 ). Growth data for the Atlantic cod stocks were in the form of age-4 body weights, so we calculated age-4 weights for the BC stocks using published length/weight relationships T (average annual temperature) and age-4 weight are from Brander (1994) . Latitudes were estimated from official descriptions of the various stocks. (Westrheim, 1996) , and obtained AK age-4 weight data from published stock assessments Thompson et al., 2004) . We determined approximate latitudes for each Atlantic cod stock ( 
Fishing effects
An EPR model was used to investigate the implications of lifehistory differences for fisheries management (Quinn and Deriso, 1999) . To simplify the analysis of EPR, we limited it to the two stocks with the widest geographic separation, WVI and BSAI. Total egg production for a cohort of 1000 recruits over an 18-year period was calculated for different levels of fishing mortality (F ). The total egg production for each level of F was divided by the egg production of an unfished cohort (F ¼ 0) to determine the amount by which a particular F would reduce EPR. F E35% , the level of F that reduces EPR to 35% of the unfished level, was used here as a gauge of the stocks' resilience to fishing effort. F E35% is analogous to the more common reference point of F 35% , which uses spawning biomass as a proxy for egg production. F 35% is the upper limit to sustainable exploitation in fish stocks with a variety of life-history strategies (Clark, 1991) . Two age-specific parameters were used, fecundity and fishery selectivity, and natural mortality M was held constant across all age classes. Based on our analysis of life-history traits, age-at-maturity was assumed to be knife-edged at 3 years in the WVI stock and at 6 years in the BSAI. Fecundity was set to zero for prematuration ages. Survival of individuals from one age class to the next was calculated from
where a is age, N cohort abundance, and F a the base F modified by age-specific selectivity parameters. Egg production for each age class was calculated from
where N 0,a is egg production and f a is fecundity-at-age a. The modifier 0.25M was added because Pacific cod generally spawn in March (Westrheim, 1996) , and the modifier 0.6F a was added because 60% of the annual catch is made from January to March (catch data accessed from the NOAA Alaska regional office website, http://www.fakr.noaa.gov/default.htm). Note that this simplified approach does not consider compensatory effects on offspring survival as spawning biomass decreases.
To test the importance of age structure in the two stocks, we conducted the EPR analysis for two selectivity scenarios, "full recruitment" and "trawl". In the full recruitment scenario, fisheries were assumed to have knife-edged, full selectivity on the stocks starting at the age of recruitment (age 2 in the WVI, age 3 in the BSAI). In the trawl scenario, we assumed a selectivity ogive with low values for younger age classes and increased selectivity with age. Selectivity values for this scenario were based on parameters used in a prediction model for the BSAI Pacific cod trawl fishery (J. Ianelli, NMFS, pers. comm., 2005) . Because size-at-age was different between the two areas, we adjusted the selectivity for the WVI stock so that the same sizes of Pacific cod were selected equally in both areas.
Results
Life-history traits varied considerably among populations. Mortality was highest in the WVI stock and lowest in the BSAI stock (Table 1) ; survival was markedly lower in the WVI stock than in the other three stocks of Pacific cod (Figure 3 ). Although growth rates were higher in the Canadian stocks, asymptotic lengths were greater for the AK stocks (Table 1) . As a result, lengths-at-age were initially greater in the Canadian stocks, but ultimately bigger off AK (Figure 4) . Canadian stocks matured more rapidly than AK stocks ( Figure 5) . A 50 and L 50 were smallest in the WVI stock and largest in the BSAI, and the relative change in A 50 was twice as large as the relative change in L 50 (Table 1) . The b parameters of the fecundity equation were greater in the AK stocks (Table 1) , as was age-specific fecundity (Figure 6 ).
The trajectories of AR were substantially different among stocks (Figure 7) . In the WVI stock, AR peaked at age 3 and declined rapidly thereafter, and in HEC, it peaked at age 6 and declined Table 2 . less quickly. In the GOA and BSAI, AR peaked at ages 7 and 8, respectively. In the AK stocks, the reduction in AR after the peak was more gradual than the reduction in AR in Canadian stocks. Lifetime reproductive success was 1.05 Â 10 6 for the WVI stock, 0.95 Â 10 6 for the HEC stock, 0.83 Â 10 6 for the GOA stock, and 1.15 Â 10 6 for the BSAI stock. Average latitude spanned 8.58 (Table 1) and had a significantly inverse relationship with mortality (n ¼ 4, Figure 8a ), and ln(age-4 weight) (n ¼ 4, r 2 ¼ 0.98, p ¼ 0.007). Annual average temperature 75 m deep differed markedly among regions, but was not significantly related to latitude. There was no significant influence of average annual temperature on k (Figure 8b ) or other life-history traits. Latitude vs. ln(age-4 weight) comparisons for Atlantic cod revealed groups of stocks with different latitude/growth relationships (Figure 9 ). The groups appeared to have geographic origins. One group was formed mainly of European stocks, with the addition of the Greenland stock (numbers 1 -9, Table 2; Figure 2 ). The North American stocks were divided into northern (numbers 10-14, Table 2 ) and southern (numbers 15 -17, Table 2 ) groups separated at 458N (Figure 2) . Growth was significantly and negatively related to latitude in the European (n ¼ 9, r 2 ¼ 0.86, p , 0.0001) and southern North American (n ¼ 3, r 2 ¼ 1.0, p ¼ 0.011) stocks, but not in northern North America (n ¼ 5, p ¼ 0.09). 
Causes and consequences of life-history variation in North American stocks of Pacific cod
In the EPR model, the WVI stock was able to withstand greater fishing mortality. The full recruitment EPR model indicated that the WVI stock should be able to sustain an F E35% of 0.33. The BSAI stock, on the other hand, could sustain an F E35% of just 0.16. Under the more realistic trawl scenario, F E35% increased to 1.00 in the WVI stock and to 0.48 in the BSAI.
Discussion
The Pacific cod stocks studied here display substantial variation in life-history strategies, but have similar lifetime reproductive success (R 0 ). Latitude has a strongly negative influence on growth and sexual maturation, perhaps as a result of differences in the duration of the growing season. Greater asymptotic length and possibly greater longevity may have evolved in northern stocks to compensate for this constraint, and to maintain evolutionary fitness. Our results suggest that the strategy of northern Pacific cod stocks makes them less resilient to fishing.
Endpoint life-history strategies are normally used to describe differences among species, but this study has demonstrated how such strategies can also vary within a single species. The large, sharp peak and subsequent rapid decline in AR in the WVI stock, and to a lesser extent in the HEC stock, indicate that most individuals grow and mature rapidly, but attain a small maximum size and die quickly. On a continuum between the opportunistic and periodic endpoint strategies (Winemiller and Rose, 1992) , this strategy is more opportunistic. The more gradual rise and fall of AR in the AK stocks indicates that those fish grow more slowly and mature older, a life history more closely resembling the periodic strategy.
The four Pacific cod stocks we examined have different lifehistory strategies, but trade-offs among traits preserve fitness. BC stock fish benefit by starting to reproduce at a young age, but their R 0 is reduced by a shorter lifespan and lower fecundity than northern females. Conversely, the slower growth and delayed maturation of the AK stocks would tend to reduce R 0 , but potential reductions in R 0 in the AK fish are offset by greater longevity and fecundity.
Other species have demonstrated maintenance of fitness across separate populations. In Atlantic herring (Jennings and Beverton, 1991) and walleye (Sander vitreus; Beverton, 1987) , there was considerable variation in life-history traits among geographically separated stocks, but indices of R 0 were equivalent for most stocks. In contrast, northern stocks of American shad (Alosa sapidissima) preserved fitness by devoting more energy reserves to migration and increasing the probability of offspring survival relative to southern stocks, which did not migrate and produced more eggs (Leggett and Carscadden, 1978) . Although northern females produced fewer progeny, the increased survival of those progeny preserved maternal fitness.
The equivalence of R 0 among Pacific cod stocks suggests that the processes regulating the survival of early life stages may be similar among the stocks, although they exist in different environments. The value of R 0 (1 million) may also suggest a scale for the survival rate of cod eggs (i.e. one egg in a million survives to reproduce). This supposition is complicated by the necessary oversimplification of our analysis. We assumed that mortality was equal for all ages, but it is likely much greater for younger cod. Although this analysis was valid for comparing R 0 among stocks, more detailed information would be required to calculate a "true" R 0 for Pacific cod.
Our results indicate that latitude has a greater effect than temperature on the growth of Pacific cod. Initially, we expected the growth rate of Pacific cod to be strongly influenced by temperature. Ambient water temperature has a powerful effect on vital rates of fish and other ectotherms (Wootton, 1990; Jobling, 1993) , and organisms reared at higher temperatures tend to have faster growth rates (Jobling, 1997) . In Atlantic cod, growth was highly dependent on average annual temperature in 17 different stocks (Brander, 1994 (Brander, , 1995 .
The close relationship between latitude and growth in Pacific cod may result from differences in the duration of the growing season. The metabolic rate of ectotherms depends on the heat they gain from their environment, so the term growing season may be interpreted as the total annual thermal energy an organism receives to be devoted to growth. For example, growth in a terrestrial ectotherm, the eastern fence lizard (Sceloporus undulates), was related to the heat energy available from its environment during the year (Niewiarowski, 2001) . This is the same concept that underlies the use of growing degree days (GDD), the integration of daily temperatures above a temperature threshold, to study growth in plants. GDD analysis has recently been applied to growth in fish and crabs, and it appears to be a consistently good predictor of size-at-age (Neuheimer and Taggart, 2007) .
Alternatively, a growing season can mean the window of time during the year when growth is possible. This window may depend on the availability of sufficiently high temperatures for growth: low-latitude populations of Atlantic silverside (M. menidia) experience a growing season 2.5Â as long as highlatitude populations (Conover and Present, 1990) . A growing season window may also result from the availability of adequate sunlight for primary production. In laboratory experiments, exposure to natural photoperiod appeared to maintain equivalent growth in two groups of Atlantic cod, despite differences in ambient temperature between them (Levesque et al., 2005) . This suggests that growth in Atlantic cod is adapted to seasonal patterns that would vary with latitude.
Several factors may have obscured our interpretation of the temperature/growth relationship in Pacific cod. Growth in the GOA stock appears to be anomalously low, and GOA and BSAI fish grow at similar rates despite a large difference in ambient temperature. This similarity may be a result of incomplete separation between the two stocks. Tagged cod move between the GOA and the Bering Sea (Shimada and Kimura, 1994; D. Urban, Alaska Department of Fish and Game, pers. comm., 2003) . Such an exchange between stocks may be sufficient to influence the estimate of growth rates.
Our estimates of average annual temperature probably do not reflect the full range of ambient temperatures available to Pacific cod. We were limited to three single-point monitoring stations for our temperature values. Although these values offered a valid means of comparing temperatures among regions, fixed stations limit the ability to describe thermal habitats (Ottersen et al., 1998) . Pacific cod appear to move substantial distances to maintain preferred temperatures (Perry et al., 1994; Shimada and Kimura, 1994) . It is very likely that temperature does play a role in regulating the growth of Pacific cod and that the limitations of our data obscured that role.
The close relationship between latitude and growth that we observed for Pacific cod is mirrored in two of the three groups of Atlantic cod stocks. This may be because the stocks in each group occur within an area of common oceanographic influence. The southern North American Atlantic cod stocks are all likely influenced by the warm Gulf Stream, which flows north along the eastern edge of North America, then turns east before reaching Canada (Schmitz and McCartney, 1993) . In contrast, the northern North American stocks are probably more influenced by the cold Labrador Current flowing south. The European stocks are found within a common current system on the eastern side of the North Atlantic. The single exception to this is the Greenland stock, but there appears to be connectedness between those fish and Icelandic cod populations (Stein and Borovkov, 2004) .
Environmental effects on growth likely influence the onset of sexual maturity. Both the sexual maturity traits, L 50 and A 50 , differ among stocks, but the L 50 values are less variable among the stocks than the A 50 values. This observation suggests that females need to reach a certain minimum length before reproducing, either to enhance survival or to ensure an adequate level of egg production. A threshold size for maturation was observed in walleye stocks that had a constant L 50 despite geographic variation in other traits (Beverton, 1987) . A minimum body size for reproduction in Pacific cod is supported by the fact that fecundity at the maturation ages used in the EPR model is almost equal between the WVI and BSAI. The marginally significant relationship between A 50 and latitude also suggests a delay of maturation related to increasing latitude.
We suggest that traits leading to greater asymptotic length and increased longevity may have evolved in northern stocks to compensate for slower growth and maturation, which would otherwise reduce fitness. As there are physiological and ecological bases for an inherent trade-off between growth and mortality (Beverton, 1992; Arendt, 1997) , it may be that a higher L 1 is the principal adaptation to environmental constraints on growth in Pacific cod.
The life-history strategy of northern Pacific cod stocks makes them less resilient to fishing pressure and more dependent on maintenance of age structure than southern stocks. Our estimate of F E35% in the BSAI stock is less than half that of the WVI under a full recruitment scenario, and the gap increases when fishing effort is disproportionately selective for older age classes. The northern stock of rock sole (Lepidopsetta spp.) in the Bering Sea is similarly less resilient than the southern stock in HEC (Fargo and Wilderbuer, 2000) . Our results support the argument that periodic strategists are less resilient to fishing effort as a consequence of longer generation times (Jennings et al., 1998; King and McFarlane, 2003) . Because it impairs a bet-hedging strategy, through which reproductive output is maintained over a sufficient number of years to bridge gaps between infrequent strong recruitment events, the removal of older age classes by fishing may also make periodic strategists more susceptible to recruitment failures (Longhurst, 2002) . Age truncation in Atlantic cod stocks may have made them more vulnerable to poor environmental conditions (Drinkwater, 2002) .
Some analytical limitations may have influenced our conclusions. The information we used came from different sources that employed different estimating techniques and spanned a number of years. Although we used only data from after a climate "regime shift" of the mid-1970s (Benson and Trites, 2002) , growth and other processes may have fluctuated widely during the past 25 years. In Atlantic cod, for example, maturity ogives varied substantially within one stock over a 12-year period (Marshall et al., 1998) . Our analysis was also limited by small sample sizes, particularly for temperature effects. Despite these limitations, we feel that our study provides an accurate assessment of variation in Pacific cod life history.
High levels of commercial fishing pressure may confound interpretation of life-history traits. Extended periods of heavy fishing pressure can result in faster growth and earlier maturation in fish stocks (Law, 2000) , and both of the BC stocks may have been overfished in the past (Westrheim, 1996; Sinclair et al., 2001; Starr et al., 2002) . However, Pacific cod have not experienced either the severity or duration of fishing effort that has altered lifehistory traits in other species (Westrheim, 1996; Law, 2000) , so are less likely to have experienced age truncation. Moreover, all stocks examined here are subject to similar rates of fishery exploitation, and any age truncation would probably have affected both BC and AK stocks.
Our results demonstrate the power of a few key life-history parameters to describe major ecological differences among populations, as well as the difficulty of determining how such differences arose. Pacific cod stocks appear to have adapted successfully to the limitations of the areas they inhabit. However, those adaptations make some Pacific cod stocks less resilient to commercial fishing.
Values and data sources used in estimating rates of natural mortality (M ). The subheadings under Sinclair et al. (2001) refer to alternative stock assessment models included in the document. 
